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Abstract 

Gadolinium endohedral metallofullerenes (EMFs) have shown the potential to become 

next generation magnetic resonance imaging (MRI) contrast agents due to their 

significantly improved efficiency and safety, as well as multi-day body retention which 

allows for a longer surgery and observation compared to current contrast agents. In 

Chapter 1, I have reviewed the development of gadolinium EMF based MRI contrast 

agents. In Chapter 2, I have described my study of Gd3N@C80 and Gd3N@C84 

metallofullerenols as next generation MRI contrast agents. The metallofullerenols are 

synthesized and characterized utilizing UV-vis, IR, X-ray photoelectron spectroscopy 

(XPS) and dynamic light scattering (DLS). In addition, relaxivity data and the 

observation of magnetic resonance images of the samples at different concentrations 

showed that Gd3N@C84 metallofullerenol had enhanced relaxivity compared to 

Gd3N@C80 metallofullerenol. The enhanced relaxivity was attributed to the special “egg 

shape” of the Gd3N@C84 cage. In Chapter 3, I have described the relaxivity study of 

Gd3N@C80 (without functionalization) in oleic acid, which could be used as an MRI 

contrast agent for more hydrophobic bioenvironments. The results show that Gd3N@C80 

has a reasonable relaxation effect (relaxivity ~10 mM-1S-1 at 1.4 T) in oleic acid and 

could be a viable contrast agent even without functionalization. In Chapter 4, I have 

discussed the outlook of gadolinium EMF-based MRI contrast agents and suggested 

several directions for future work.  
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Chapter 1 Background Overview 

1.1 Biomedical applications of Gd endohedral metallofullerenes 

  Nanomaterials have provided promising new opportunities in the development of new 

pharmaceutical agents. As a special family of nanomaterials, endohedral metallofullerenes 

(EMFs) have attracted extensive scientific attention in the last two decades.1 Endohedral 

metallofullerenes are fullerene cages with metal ions or clusters inside. In EMFs, the spherical 

cages can encapsulate metal atoms or clusters that have diagnostic or therapeutic effects, and 

they also function as the protectors and carriers of the metal atoms or clusters: on one hand the 

carbon cages are stable in vivo to prevent the toxic encapsulated species from being released to 

or reacting with the biological surroundings; on the other hand, they still have enough reactivity 

for functionalization which can tune their solubility, biological behavior, or in vivo targeting. 

Therefore, EMFs are widely developed as diagnostic and therapeutic materials. 

  EMFs are fullerenes with metallic atoms or clusters inside the cage.1 Based on the endohedral 

contents, they can be categorized into monometallic,2 dimetallic,3 trimetallic nitride template,4 

metal carbide,5 metal oxide,6 metal sulfide,7 metal cyanide EMFs,8 with a few exceptions. The 

metal elements that have been encapsulated include Sc, Y, Ti, and most lanthanide metals. 

Among these metals, Gd has 7 unpaired f-orbital electrons in its ionic form, Gd3+, and therefore 

has significant paramagnetism which enables it to be used as magnetic resonance imaging (MRI) 

contrast agent. Due to the toxicity of Gd3+, in current commercial contrast agents, Gd3+ ions are 

used in relatively stable chelation complexes, as seen in the examples in Figure 1.  
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Figure 1. Common commercial gadolinium based MRI contrast agents. 

  However, it has been found that these commercial agents can still suffer from Gd3+ release from 

the chelating ligands. The FDA requested a risk warning on gadolinium based MRI contrast 

agents in 2007,9 since it was suggested that the use of these agents had a high correlation with a 

debilitating skin disease, nephrogenic systemic fibrosis (NSF). Therefore, a safer MRI contrast 

agent is clearly needed. 

  As early as 2001, a gadolinium-based EMF was functionalized with hydrophilic groups for use 

as a MRI contrast agent by the Shinohara group.10 They introduced hydroxyl groups to the 

monometallic EMF Gd@C82 with tetrabutylammonium hydroxide (TBAH) or crown ether as a 

phase transfer catalyst (Figure 2). The functionalized derivative, Gd@C82(OH)n, exhibited very 

high relaxivity (81 mM-1S-1 at 1.0 T, compared to 3.9 mM-1S-1 for Magnevist at the same 

condition). In addition, the closed carbon cage provided excellent protection from gadolinium 

release. The same functionalization approach was later used in several other lanthanide-based 

EMFs.11  
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Figure 2. Phase transfer catalyzed hydroxylation of Gd@C82. 

  Since these initial studies, many reports focusing on EMF based MRI contrast agents were 

published. The Wilson group functionalized monometallic Gd@C60 via both hydroxylation and 

Bingel reactions.12,13 At the same time, the aggregation behavior13 and the pH-response 

behavior14 of these functionalized EMFs were also studied by the same group. It has been 

established that the high relaxivity of the EMF derivatives is directly related to the formation of 

large aggregates. Recently, a new functionalization method utilizing hydrogen peroxide and 

ammonia water was reported15 to yield amino group-containing derivatives, which have an 

average formula of Gd@C82O14(OH)14(NH2)6. 

(aq) 
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  Trimetallic nitride template endohedral metallofullerenes (TNT EMFs) represent a special and 

very promising class of EMFs. The first TNT EMF, discovered in 1999 by the Dorn group, 

which consists of a triangle planar trimetallic nitride cluster inside a highly symmetric Ih-C80 

fullerene cage (Figure 3), was determined to be Sc3N@Ih-C80 (Figure 3)4.  It had very high yield 

(7% of total soluble content in electric-arc synthesis upon discovery,4 improved further during 

the recent decade1) that was only second to empty cage fullerene C60 and C70, and much higher 

than any traditional monometallic or dimetallic EMF. 

 

Figure 3. Ih-C80 fullerene cage and the first TNT EMF, Sc3N@Ih-C80. 

 Soon after, a second isomer, Sc3N@D5h-C80,16 a smaller TNT EMF, Sc3N@D3h-C78,17 and one 

of the first fullerene cages with the pentalene motif, Sc3N@D3-C68,18 were discovered in the soot 

mixture from the same synthetic procedure. The pentalene motif (fused pentagons) in this 

molecule suggests that metallofullerenes do not necessarily obey the so-called isolated pentagon 

rule (IPR) for empty fullerenes,19 which makes Sc3N@D3-C68 an  earliest  example  of  “non-IPR”  

fullerene cage. A wide range of other metals including Y, Gd, etc. has been encapsulated in TNT 

EMFs (Figure 2), as documented in several reviews.20-22 
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Figure 4. Elements that have been encapsulated in TNT EMFs. Figure reprinted with permission 

from ref. 20. 

  Among these metals encapsulated in TNT EMF, gadolinium is the one that is very important to 

MRI applications, as there are several advantages. First, the relatively high yield of TNT EMFs 

can significantly boost the practicability of commercial EMF-based MRI contrast agents. Second, 

TNT EMFs are more stable than empty fullerenes C60, C70, and monometallic EMF Gd@C82, 

more soluble than monometallic Gd@C60. These features will make it possible for long-term 

storage of these derivatives, as well as a reliable, safe cage protection in the biological 

environment. Third, TNT EMFs have three gadolinium ions as opposed to one or two, 

encapsulated in the fullerene cage and thereby exhibit higher molar magnetic moments.  

  The structure of Gd3N@Ih-C80 was elucidated by the Stevenson group,23 and its derivatives 

were soon used as an MRI contrast agents. In 2005, Gibson, Dorn, Fatouros and coworkers 

synthesized the first water-soluble Gd3N@C80 with hydrophilic poly(ethylene glycol) (PEG) 
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chains (MW=5000) and hydroxyl groups (Figure 3).24 The in vivo MRI results illustrated in 

Figure 4 demonstrate the different distribution characteristics of a conventional commercial 

contrast agent (gadodiamide, 0.5 mmol/L, left hemisphere) and Gd3N@C80[DiPEG5000(OH)x] 

(0.013 mmol/L, right hemisphere) infused into a normal rat brain by means of a concurrent 

bilateral infusion, shown in successive T1-weighted MR images. As both the visual inspection 

(with over 40 times difference in concentration) and signal intensity profiles through the infusion 

sites demonstrate, the gadodiamide completely disappeared within three hours from the start of 

the infusion, compared with the Gd3N@C80[DiPEG5000(OH)x], which diffuses very slowly and, 

for the normal brain, appears to remain in the vicinity of the infusion catheter tip.24 

 

Figure 5. The first water-soluble Gd3N@C80 derivative.  
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Figure 6. The T1-weighted 2.4 T MR images (700/10) of bilateral infusion into a normal rat brain 

of 0.0131 mmol/L Gd3N@C80[DiPEG5000(OH)x] and 0.5 mmol/L gadodiamide at a 0.2 L/min 

infusion rate, left and right side of image, respectively. 

  The relationship between the PEG chain length and the relaxivity of the functionalized 

Gd3N@C80 was further substantiated by the Dorn group in 2010.25 In this work, PEG chains with 

molecular weights of 350, 750, 2000 and 5000 were introduced onto Gd3N@C80 via the Bingel 

reaction. From the dynamic light scattering data (Figure 5), it was concluded that longer PEG 

chains led to smaller aggregates. Large aggregate size can lead to significantly longer rotational 

correlation time of the contrast agents, which is the key reason for metallofullerene derivatives 

(10-250 nm aggregate size) have much higher relaxivities compared to commercial contrast 

agents (Figure 1) that generally do not form aggregates26 (diameter less than 1 nm). Consistent 
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with this view, the relaxivity values at 0.35 T, 2.4 T and 9.4 T all increased with decreasing 

chain length.  

 

Figure 7. Dynamic light scattering data for Gd3N@C80 with PEG chains of different length. 

  Another important approach for making water-soluble Gd3N@C80 was developed by the same 

team in 2009.27  The procedure (Figure 5) started with a free radical reaction with succinic acid 

acyl peroxide and then sodium hydroxide solution was used to introduce hydroxyl groups, to 

give the product, Gd3N@C80(CH2CH2COOM)16(OH)26. The scandium counterpart of the product 

was characterized by 1H NMR and 13C NMR, and the formula of the product, 

Gd3N@C80(CH2CH2COOM)16(OH)26, represented an average of a mixture determined by X-ray 

photoelectron spectroscopy (XPS).  
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Figure 8. Functionalization of Gd3N@C80 with succinic acid aycl peroxide. 

  The functionalized Gd3N@C80 exhibited r1 (1/T1) relaxivity as high as 207 mM-1S-1 at a clinical 

field strength of 2.4 T,27 which corresponds to a very effective MRI contrast agent. As shown in 

Figure 6a, the functionalized Gd3N@C80 gives much brighter images (left column) than the 

Omniscan contrast agent (right column) at a 30 times higher concentration. However, the high 

relaxivity is dependent on the aggregation of the fullerene cages. In phosphate buffer solutions 

(PBS) which is similar to the real biological environment, the salt effect caused disassembly of 

the aggregates, so the relaxivity values were lower and the corresponding images (Figure 6a, 

middle column) were not as bright. Figure 6b shows the in vivo study obtained by directly 

infusing the functionalized Gd3N@C80 solution into the brain of a rat. The results showed that 

the MRI contrast efficiency can last for several days post-infusion. 
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Figure 9. in vitro (a) and in vivo (b) T1 weighted MRI images with functionalized Gd3N@C80 as 

contrast agent. In (a) the concentration (in mM) of functionalized Gd3N@C80 in water and PBS 

and Omniscan in water are marked below each spot. In (b) the direct infusion into T9 tumor-

bearing rat brain of 0.0475 mM functionalized Gd3N@C80 was applied for 120 min at 0.2 

µL/min. 
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  One clear advantage of this agent is the introduction of the carboxyl groups which can be 

further conjugated with the amino groups of peptides or proteins for further biological purposes. 

For example, the agent can be further conjugated to peptide IL-13 to afford a bifunctional 

therapeutic and diagnostic (“theranostic”) nano platform.28,29 

  With increasing attention from the biomedical community gadolinium EMF-based 

biomedicines are under rapid development, which are covered by several recent prospects and 

reviews.1,30,31   

1.2 Development of gadolinium based EMFs 

  At the same time that Gd@C82, Gd@C60 and Gd3N@C80-based MRI contrast agents were under 

development, researchers were also gaining knowledge about other gadolinium based EMFs.1 In 

2008, another member of the TNT EMF family, Gd3N@Cs(51365)-C84, was determined by 

single crystal analysis to have the same special egg-shaped non-IPR fullerene cage32 as in 

previously reported Tb3N@C84.33 Soon afterwards, another two non-IPR EMFs, 

Gd3N@Cs(39663)-C82,34 Gd3N@C2(22010)-C78
35 and an IPR EMFs, Gd3N@D3(19)-C86

36 were 

unambiguously elucidated by single crystal analysis.  These structures are shown in Figure 10, 

with the fused pentagons highlighted in red color. Something notable is that although most 

fullerene cages obey the IPR, it is very common for gadolinium TNT EMFs to violate it. 

Recently the Dorn group suggested that these “pentalene containing” TNT EMF exhibit an 

enhanced dipole moment that will give special characteristics to these molecules.37 
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Figure 10. Minor gadolinium-based TNT EMFs that have been studied by the single crystal 

method. (a) Gd3N@C2(22010)-C78. (b) Gd3N@Cs(39663)-C82. (c) Gd3N@Cs(51365)-C84. (d) 

Gd3N@D3(19)-C86. 
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  Metal carbide EMFs are another important family which have a metal-nonmetal cluster inside a 

fullerene cage. Balch et al. reported a family of gadolinium carbide metallofullerenes and 

determined the structure of Gd2C2@D3(85)-C92.38 Very recently, Dorn, Balch and coworkers 

reported a low symmetry non-IPR gadolinium carbide EMF Gd2C2@C1(51383)-C84.39 

  Endohedral heterofullerenes are EMFs with heteroatoms replacing carbon atoms on the cage. In 

2008, the first endohedral heterofullerenes, Tb2@C79N and Y2@C79N were reported by the Dorn 

group.40 In 2011, the gadolinium version, Gd2@C79N,  with 15/2 spin was reported by the same 

group.41 Despite the paramagnetic nature of Gd2@C79N, it was shown that Gd2@C79N was very 

stable at room temperature towards many radical scavengers, because the spin is buried inside 

the cage. 

  As the gadolinium based EMF family is under active research and quickly expanding, the 

application of the derivatives of these more exotic EMFs as MRI contrast agents has not been 

explored, leaving a very interesting topic in research on metallofullerenes.  
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Chapter 2 Synthesis and Characterization and Magnetic Resonance Imaging 

Study of Gd3N@C80 and Gd3N@C84 Metallofullerenols: The Importance of 

Cage Symmetry on Relaxivity 

  This Chapter is adopted with modification from extensively collaborative work which is described in an accepted 

manuscript to be published in the Journal of the American Chemical Society (DOI: 10.1021/ja412254k) 

“Gd3N@C84(OH)x: A New Egg-Shaped   Metallofullerene   Magnetic   Resonance   Imaging   Contrast   Agent”   by  

Jianyuan Zhang, Youqing Ye, Ying Chen, Christopher Pregot, Tinghui Li, Sharavanan Balasubramaniam, David B. 

Hobart, Yafen Zhang, Sungsool Wi, Richey M. Davis, Louis A. Madsen , John R. Morris, Stephen M. LaConte, 

Gordon T. Yee and Harry C. Dorn. In the original manuscript, J. Z. and C. P. performed sample purification (not 

included in this chapter); J. Z. and G. T. Y. performed magnetization measurements (not included in this chapter); J. 

Z., Y. C. and S. W. obtained NMR data for the functionalized Y3N@C80 (not included in this chapter); J. Z. and Y. 

Y. performed metallofullerene functionalization and product purification (2.2.1); J. Z. and Y. Y. obtained Gd 

concentration data (2.2.2); Y. Y., Y. C. and T. L. obtained relaxivity data using the instrument in the Madsen 

laboratory (2.2.3 and 2.5); J. Z. obtained UV-vis-NIR data (2.3); Y. Y., Y. Z. and D. B. H. obtained IR and XPS 

data using the instrument in the Morris laboratory (2.3); J. Z.,  S. B. and Y. Y. obtained DLS data using the 

instrument in the Davis laboratory (2.4); J. Z. and Y. Y. prepared the samples for MR imaging performed by S. M. 

L. and H. C. D. using the instrument in the LaConte laboratory (2.6). J. Z. and Y. Y. analyzed the data and produced 

the figures; H. C. D. finalized the manuscript. 

2.1 Introduction 

  Gadolinium ions are widely used in magnetic resonance imaging (MRI) contrast agents for their 

paramagnetic property and long spin-lattice relaxation time.1 Gadolinium based endohedral 

metallofullerenes (EMFs) are considered promising for next generation contrast agents for higher 

safety and better efficiency. Early research on water-soluble derivatives of gadolinium 

metallofullerenes  (“gadofullerenes”)  was  pioneered  by  the  Shinohara2,3 and Wilson4-6 groups and 

focused on mono-metal gadofullerenes, namely, Gd@C82 and Gd@C60. More recently, attention 
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has focused on the trimetallic nitride template (TNT) endohedral metallofullerenes,7,8 and many 

water-soluble derivatives of Gd3N@Ih-C80 and Gd-containing mixed metal TNT EMFs have 

been synthesized and tested as MRI contrast agents.9-15 One distinct advantage of the TNT EMF 

derivatives is their high synthetic yield and up to three (as opposed to one) Gd3+ ions inside a 

single fullerene cage. 

 Currently the research on TNT EMF based contrast agents is limited to Ih-C80 cage derivatives, 

even though other TNT EMF members have very different symmetry and shape8 that may affect 

their relaxation behavior. For example, the pentalene-containing Gd3N@Cs(51365)-C84 (referred 

as  “Gd3N@C84”  in  the  rest  of  this  chapter since it is the only reported Gd3NC84 isomer) has an 

elipsodal egg-shape,16 in direct contrast to spherical Gd3N@Ih-C80
17 (Figure 1). Several other 

important structural features are very different between the two TNT EMFs. First, Gd3N@Ih-C80 

has a pyramidal Gd3N cluster, whereas Gd3N@C84 has a planar cluster. Second, based on the 

results in a corresponding 89Y NMR study of diamagnetic Y3N@Ih-C80 and Y3N@Cs(51365)-

C84,18 Gd3N@Ih-C80 should exhibit isotropic motion of the (Gd3N)6+ cluster, whereas, Gd3N@C84 

should exhibit restricted motion because of stronger association of one Gd atom to the pentalene 

motif. Third, the strong Gd-pentalene interaction provides a significantly enhanced dipole 

moment for Gd3N@C84.19 All of these differences may lead to different properties of their 

derivatives that could significantly alter MRI contrast efficiencies. In this chapter I present a 

study on Gd3N@C84
16 and the corresponding water soluble functionalized Gd3N@C84(OH)x 

directly compared with the Gd3N@C80 counterpart as a potential new MRI contrast agent.   
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Figure 1. Structures of Gd3N@Ih(7)-C80 (left) and Gd3N@Cs(51365)-C84 (right, pentalene unit 

shown in red). 

2.2 Experimental section 

2.2.1 Synthesis of the Gd metallofullerenols  

  The starting materials, namely, Gd3N@C80 and Gd3N@C84, were purified by our group 

members Jianyuan Zhang and Christopher Pregot following a reported procedure.20 Before 

functionalization, the purity of the samples was checked by HPLC and mass spectrometry 

(Figure 2). In both cases, the mass spectrometry showed a single sharp peak corresponding to the 

right molecular weight (1445 for Gd3N@C80, 1493 for Gd3N@C84), and the HPLC showed a 

single, symmetric peak that suggests isomeric purity. 



23 
 

 

Figure 2. HPLC traces of purified Gd3N@C80 (top) and Gd3N@C84 (bottom) on a 5PYE column 

(0.5 inch diameter), with toluene as eluent at 2 mL/min. Insets: LD-TOF mass-spectrometry of 

the purified Gd3N@C80 and Gd3N@C84. 

  The functionalization of a Gd TNT EMFs (Figure 3) was performed with the help of Jianyuan 

Zhang following the procedure reported by Shinohara et al.2 Briefly, to toluene solutions 

containing Gd3N@C80 (~1.0 mg) and Gd3N@C84 (~0.6 mg) respectively, were added 2 mL of 50 

wt% NaOH solution and 2 drops of tetrabutyl ammonium hydroxide and stirred at room 

temperature for 15 minutes. After the precipitation of a brown sludge, the toluene was removed 

by careful decantation. Then 10 mL more water was added to each reaction flask and the 

resulting mixtures were stirred overnight to give light brown aqueous solutions. Dilute 

hydrochloric acid was added dropwise to adjust the pH of the solutions to neutral. Then the 

solutions were placed in a cellulose dialysis bag (MWCO=500) for a 7-day dialysis (water 

changed every 24 hours) to give the water solutions of the corresponding hydroxylated Gd TNT 
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EMFs, or Gd metallofullerenols. As shown in Figure 3, although the reaction aims to introduce 

hydroxyl groups, some carbonyl groups can be generated on the cage due to isomerization. 

 

Figure 3. Functionalization scheme for the gadolinium based TNT EMFs. 

2.2.2 Concentration measurement of the functionalized TNT EMFs 

  The concentration of the water soluble TNT EMF derivatives was measured with the help of 

Jianyuan Zhang at Virginia Commonwealth University (VCU) by the inductively coupled 

plasma mass spectroscopy (ICP-MS) method after dilution in 2% nitric acid solution. In each 

reaction, the Gd TNT EMF is the only source of the gadolinium ions and the fullerene cages are 

not broken during the functionalization process. Therefore, the measured Gd3+ concentration 

divided by three gives the concentration of the Gd TNT EMF. 

2.2.3 Relaxivity measurements of the functionalized TNT EMFs 

  NMR relaxation measurements were performed on Bruker Minispec mq20 (0.47 T) and mq60 

(1.41 T) analyzers as well as a Bruker Avance III 400 MHz (9.4 T) wide bore spectrometer 

equipped with a MIC 400 W1/S2 probe and 5 mm 1H coil. The measurements on the 9.4 T 

instrument were performed by Ying Chen from the Department of Chemistry at Virginia Tech. 

The spin-lattice relaxation time T1 was measured by the inversion-recovery method. The spin-

spin relaxation time T2 was measured using an incremented echo-train CPMG pulse 

sequence.  Errors in T1 and T2 values are generally less than ± 2%. All samples were placed in a 5 

mm NMR tube for the measurements. The concentration range for Gd3N@C80 metallofullerenols 
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was 0.51-2.5 µM, and the concentration range for Gd3N@C84 metallofullerenols was 0.28-1.4 

µM.  

2.3 Structural characterization of the functionalized TNT EMFs 

  Gd3N@C80 and Gd3N@C84 were converted to the corresponding metallofullerenols with the 

procedure described above.2 The UV-vis-NIR data of Gd3N@C80 metallofullerenol and 

Gd3N@C84 metallofullerenol were obtained by Jianyuan Zhang. The spectra exhibit decreased 

conjugation features in comparison with the corresponding parent EMFs (Figure. 4), confirming 

the loss of extended aromaticity. 

 

Figure 4. UV-vis-NIR spectra of Gd metallofullerenes (blue) and their metallofullerenols (red). 

Left: UV-vis-NIR spectrum of Gd3N@C80 and its metallofullerenol. Right: UV-vis-NIR 

spectrum of Gd3N@C84 and its metallofullerenol. 

  Although the reaction was intended to introduce hydroxyl groups, the existence of carbonyl 

groups resulting from rearrangements was confirmed by the FT-IR (Figure 5) and XPS (Figure 

6) spectra of the Gd3N@C80 and Gd3N@C84 metallofullerenols. The FT-IR data were obtained 

with the help of Yafen Zhang from the Department of Chemistry at Virginia Tech. In the spectra 

of Gd3N@C80 and Gd3N@C84 metallofullerenols (Figure 5), the carbonyl content is reflected by 
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the intensity of the C=O peaks around 1700 cm-1, as well as the C-H peaks at 2880-3000 cm-1 

associated with the keto-enol type isomerization, and the intensity of these peaks suggest the 

Gd3N@C84 metallofullerenol has a lower carbonyl content. 

 

Figure 5. FT-IR spectra for the Gd3N@C80 and Gd3N@C84 metallofullerenols. 

  Furthermore, XPS is a well-established method to investigate the composition of 

fullerenols.11,21-23 XPS data for Gd3N@C80 and Gd3N@C84 fullerenols were obtained with the 

help of David B. Hobart from the Department of Chemistry at Virginia Tech. The data were 

fitted using three peaks (Fig. 4d, e): the C-C bond (284.5 eV), the C-O single bond (285.7 eV) 

and the C=O double bond (288.3 eV). In both cases about 40% of the carbon atoms were 

functionalized with oxygen; however, consistent with the FT-IR results, a clear difference was 

shown for the carbonyl content. The estimated formula for Gd3N@C80 metallofullerenol was 

Gd3N@C80O11(OH)21, and that for Gd3N@C84 metallofullerenol was Gd3N@C84O6(OH)28. 
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Figure 6. XPS for the Gd3N@C80 metallofullerenol and Gd3N@C84 metallofullerenol.  

  In addition, the element survey and the N1s spectra in XPS also confirmed that gadolinium and 

nitrogen elements were contained in the samples (Figure 7).  

 

Figure 7. XPS element survey and N1s spectra. (a) Element survey for Gd3N@C80 

metallofullerenol. (b) Element survey for Gd3N@C80 metallofullerenol. (c) Superimposed XPS 

N1s spectra for Gd3N@C80 metallofullerenol (black) and Gd3N@C84 metallofullerenol (red). 
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2.4 Dynamic light scattering study of the metallofullerenol aggregates 

  Water-soluble metallofullerene derivatives form aggregates in water, the size of which has a 

decisive role in their relaxivity.24 Dynamic light scattering experiments were performed by 

Jianyuan Zhang, Youqing Ye and Sharavanan Balasubramaniam using the instrument in the 

Davis laboratory to investigate the hydrodynamic size of the aggregates formed by the trimetallic 

nitride metallofullerenols. The concentrations of both solutions (colloids) were estimated to be 

70 µM. The results represent the average of 3 reproducible runs, and are shown in Figure 8. Each 

metallofullerenol had two different stages of aggregation. The Gd3N@Ih-C80 metallofullerenol 

showed two unresolved peaks (seen as one asymmetric peak) with a mean radius of 125 nm (~2 

million molecules), which is similar to the carboxylated and hydroxlated derivative11 and short-

PEG chain derivative13 of Gd3N@Ih-C80. Meanwhile, the Gd3N@C84 metallofullerenol showed a 

well-resolved bimodal distribution. A small peak was centered at 9.5 nm (~1,000 molecules), 

while the large peak showed a mean radius of 179 nm (~5-6 million molecules), which is 

considerably larger than the counterpart aggregates of metallofullerenol Gd3N@Ih-C80. The 

separate two stages of aggregation for hydroxylated Gd3N@C84 highly resemble the cases of 

poly(ethylene glycol) (PEG) functionalized Gd3N@C80,13 in which longer PEG chains led to 

higher amounts of small aggregates due to steric hindrance. For Gd3N@C84, the egg-shaped cage 

plus certain functionalization site in some molecules may generate larger steric hindrance which 

prevents some aggregates to pack larger. Therefore, the resolved peak for lower aggregate could 

be related to the less spherical shape of Gd3N@C84.  
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Figure 8. Hydrodynamic size distribution of metallofullerenol derivatives of Gd3N@Ih-C80 and 

Gd3N@C84. 

2.5 Relaxivity of the trimetallic nitride metallofullerenols  

  The ability of contrast agents to enhance MRI contrast is evaluated by relaxivity, which is 

defined by the equation: 

1
𝑇 ,      

= 1
𝑇 ,      

+ 1
𝑇 ,      

= 1
𝑇 ,      

+ 𝑟 [𝑀]    𝑖 = 1, 2 

where T1 and T2 are longitudinal and transverse relaxation time, respectively. The relaxation rate 

(reciprocal of relaxation time) is determined by both diamagnetic (water) and paramagnetic 

(contrast agent) species, and the ratio of paramagnetic relaxation rate to the concentration is the 

relaxivity of the paramagnetic compound, which can be experimentally obtained by the slope of 

(1/Ti) vs. concentration of the paramagnetic contrast agents.  

  The relaxivity values of Gd3N@C80 metallofullerenol and Gd3N@C84 metallofullerenol were 

obtained at 0.47 T, 1.4 T and 9.4 T magnetic field, respectively, and the results are shown in 
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Figures 9-11. The results and the r2/r1 values are summarized in Table 1. Compared to the ~4-6 

mM-1S-1 relaxivity for the commercial contrast agent Gd-DTPA (Magnivest®), the relaxivity 

values for the trimetallic nitride metallofullerenols are significantly higher, and they did not 

change meaningfully from low to mid-field strength, but significantly decreased at high field. 

The Gd3N@C84 metallofullerenol has considerably higher relaxivity values than Gd3N@C80 

metallofullerenol, suggesting that Gd3N@C84 is an excellent candidate as a new MRI contrast 

agent if it can be produced in large quantities.  

 

Figure 9. T1 and T2 measurements on a 20 MHz (0.47 T) instrument. (a) T1 results for 

functionalized Gd3N@C80. (b) T2 results for functionalized Gd3N@C80. (c) T1 results for 

functionalized Gd3N@C84. (d) T2 results for functionalized Gd3N@C84. 
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Figure 10. T1 and T2 measurements on a 60 MHz (1.4 T) instrument. (a) T1 results for 

functionalized Gd3N@C80. (b) T2 results for functionalized Gd3N@C80. (c) T1 results for 

functionalized Gd3N@C84. (d) T2 results for functionalized Gd3N@C84. 
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Figure 11. T1 and T2 measurements on a 400 MHz (9.4 T) instrument. (a) T1 results for 

functionalized Gd3N@C80. (b) T2 results for functionalized Gd3N@C80. Note that one data point 

was abandoned due to an accidental crack of the NMR tube which caused unreasonable result. 

(c) T1 results for functionalized Gd3N@C84. (d) T2 results for functionalized Gd3N@C84.  

Table 1. Relaxivity values for the Gd3N@C80 and Gd3N@C84 metallofullerenols. For all 

relaxivity values, the units are mM-1S-1. 

Metallofullerenol 0.47 T 1.4 T 9.4 T 

r1 

 

r2 

 

r2/r1 r1 

 

r2 

 

r2/r1 r1 

 

r2 

 

r2/r1 

Gd3N@C80O11(OH)21 137 146 1.07 140 180 1.28 58 215 3.7 

Gd3N@C84O6(OH)28 170 232 1.36 173 238 1.38 63 320 5.1 
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2.6 In vitro MRI study of trimetallic nitride metallofullerenols 

  For a visual confirmation of the efficiency of the trimetallic nitride metallofullerenols as 

contrast agents and a direct comparison between Gd3N@C80 and Gd3N@C84 metallofullerenols, 

T1-weighted MR imaging was performed for their solutions in comparison with the commercial 

agent Omniscan (Fig. 12). The images were obtained by Stephen M. LaConte and Harry C. Dorn 

in the LaConte laboratory at VTCRI using the samples prepared by Jianyuan Zhang and Youqing 

Ye. Significant signal enhancements were observed for both metallofullerenols in a 

concentration range of 0.3-3 µM (based on the metallofullerenol molecule). The r1 signal 

intensity (brightness) of the 0.51 µM Gd3N@C80 (Fig. 12a) metallofullerenol versus the 0.28 µM 

Gd3N@C84 metallofullerenol (Fig. 12e) are qualitatively comparable, but are in 50-100 fold 

lower concentrations than needed for comparable contrast with Omniscan (24.2 µM) (Figure. 

12d,h). In each respective column of Figure. 12, the Gd3N@C80 metallofullerenols (Figure. 6 a-

c) have 1.8 fold higher concentrations compared to Gd3N@C84 metallofullerenols (Figure. 6 e-g), 

but still provide marginally lower contrast. In Figure 12b and 12g the metallofullerenols have 

similar concentration, but the image for Gd3N@C84 metallofullerenol is much brighter. These 

direct comparisons suggest that the Gd3N@C84 metallofullerenol prepared in this study is 

somewhat more effective as a contrast agent than Gd3N@C80 metallofullerenol in qualitative T1-

weighted MR imaging at clinical scanner magnetic field strengths. 
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Figure 12. T1 weighted MR imaging at 3 T (123 MHz) with Gd metallofullerenols as contrast 

agents. Top line from left to right: (a) 0.51 µM Gd3N@C80 metallofullerenol, (b) 1.5 µM 

Gd3N@C80 metallofullerenol, (c) 2.5 µM Gd3N@C80 metallofullerenol, (d) 24.2 µM omniscan. 

Bottom line from left to right: (e) 0.28 µM Gd3N@C84 metallofullerenol, (f) 0.86 µM Gd3N@C84 

metallofullerenol, (g) 1.4 µM Gd3N@C84 metallofullerenol, (h) 24.2 µM omniscan. 

2.7 Discussion 

2.7.1 Comparison of the relaxivities of monometallic EMF and TNT EMF metallofullerenol 

  The magnetic moment and proton relaxivity values are directly related. For T1 weighted MRI, 

the contrast of the image can be represented by 1/T1, which is driven by dipole-dipole 

interactions and scalar contact (SC) interactions:  

1
𝑇 = 1

𝑇 + 1
𝑇  

The two terms are determined by the equations below:1 
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In the case of gadolinium EMFs, the dipole-dipole term is the dominant factor. Therefore, it is 

easily derived that 

µeff
2  ∝  

The paramagnetism (effective magnetic moment) of the gadofullerenes originates from the 7 

unpaired f electrons of the Gd3+, and the functionalization only relates to the s and p orbitals of 

the carbon atoms on the fullerene cage. If this functionalization does not significantly change the 

effective magnetic moment of the encapsulated cluster (Gd3N), the r1 of the metallofullerenol 

should be proportional to the square of the µeff of the corresponding parent gadofullerene. The 

µeff
 of Gd@C82 was previously determined to be 6.90 µB.25,26 In a study performed by Jianyuan 

Zhang our group, the µeff of Gd3N@C80 and Gd3N@C84 are 10.8 µB and 11.5 µB, respectively. 

Therefore, the metallofullerenols in current work should have ~2-3 fold higher r1 compared to the 

same type metallofullerenol, Gd@C82. 

Experimental r1 values for gadofullerene derivatives Gd@C82, Gd3N@C80, and Gd3N@C84 

both from the literature2,11-13 and current work are shown in Figure 12 and Table 2. As a semi-

quantitative overall trend, at respective field strengths, the Gd3N@C80 derivative has r1 values of 

1.8-2.0 fold higher than the r1 of Gd@C82 metallofullerenol for the same functionalization. 

However, the Gd3N@C84 metallofullerenol has 2.0-2.4 fold higher values in comparison with the 

Gd@C82 for the same functionalization used in the present study. Furthermore, a comparison of 

the r1 values for the Gd@C82, Gd3N@C80, and Gd3N@C84 derivatives versus other Gd TNT 
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EMFs with different functionalization illustrate a factor of ~2-3 higher relaxivity relative to 

Gd@C82 at all magnetic field strengths, which is consistent with what is expected from the 

molecular magnetic moments.  

 

Figure 13. Summary of r1 relaxivity values for Gd@C82, Gd3N@C80, and Gd3N@C84 

derivatives at (a) low magnetic field (0.35-0.47 T), (b) medium magnetic field (1.0-2.4 T) and (c) 

high magnetic field (4.7 T). In each panel, the left three columns represent the metallofullerene 

derivatives functionalized in the procedure described in current study. The data from previous 

reports cited in this figure are from refs 2, 11, 12 and 13. 

Table 2. T1 relaxivity of Gd3N@C80 and Gd3N@C84 derivatives compared to Gd@C82 

metallofullerenol. 

Gadofullerene derivative Magnetic Field r1 (mM-1S-1) Relative to Gd@C82(OH)40 

Gd@C82(OH)40  0.47 T 67 1 (for low-field) 

1.0 T 81 1 (for mid-field) 

4.7 T 31 1 (for high-field) 

Gd3N@C80(CH2CH2COOM)16(O
H)26 (M=H, Na) 11 

0.35 T 154 2.3 (compared to low-field) 

2.4 T 207 2.6 (compared to mid-field) 
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9.4 T 76 2.4 (compared to high-field) 

Gd3N@C80(PEG)(OH)x, PEG 
M.W.= 350  

0.35 T 227 3.4 (compared to low-field) 

2.4 T 237 2.9 (compared to mid-field) 

9.4 T 68.2 2.2 (compared to high-field) 

Gd3N@C80(PEG)(OH)x, PEG 
M.W.= 750 

0.35 T 152 2.3 (compared to low-field) 

2.4 T 232 2.9 (compared to mid-field) 

9.4 T 63.3 2.0 (compared to high-field) 

Gd3N@C80(PEG)(OH)x, PEG 
M.W.= 2000 

0.35 T 130 1.9 (compared to low-field) 

2.4 T 158 2.0 (compared to mid-field) 

9.4 T 41.9 1.4 (compared to high-field) 

Gd3N@C80(PEG)(OH)x, PEG 
M.W.= 5000 

0.35 T 107  1.6 (compared to low-field) 

2.4 T 139  1.7 (compared to mid-field) 

9.4 T 52.5  1.7 (compared to high-field) 

Gd3N@C80O11(OH)21 (current 
work) 

0.47 T 137 2.0 (compared to low-field) 

1.4 T 140 1.7 (compared to mid-field) 

9.4 T, 58 1.9 (compared to high-field) 

Gd3N@C84O6(OH)28 (current 
work) 

0.47 T 170 2.5 (compared to low-field) 

1.4 T 173 2.1 (compared to mid-field) 

9.4 T 63 2.0 (compared to high-field) 

 

2.7.2  Relaxivity comparison of Gd3N@C80 and Gd3N@C84 metallofullerenols 

   One major contributing factor for the significantly higher relaxivity of the Gd3N@C84 

metallofullerenols is the lower carbonyl content. Previous fullerene hydroxylation showed that 

carbonyl groups are easier to form under acidic conditions;27 however, carbonyl groups can also 

form in lower amounts under basic or neutral conditions.28 XPS data revealed that carbonyl 
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formation is less favored for Gd3N@C84 than for Gd3N@C80, likely related to the low symmetry 

and special egg shape caused by the pentalene unit. One reaction mechanism accounting for this 

difference is related to the hopping of negative charges. Nucleophilic attack from a hydroxyl 

group creates a carbanionic site on the cage surface, which can be readily oxidized by oxygen.29 

The involvement of oxygen had been confirmed by an argon-protected reaction that led to very 

low yield.28 Before oxidation, the negative charge can be dispersed over the fullerene cage via 

the   π-conjugated system to form enolic groups, which are potential sources of carbonyl 

formation via enol-keto tautomerization. An example of such a rearrangement is illustrated in 

Figure 14. For Gd3N@C84 which has an elliptical shape with enhanced dipole moment,16,19 the 

electron density is unevenly distributed on the cage, and it is reasonable to expect the 

nucleophilic  reaction  sites  are  “crowded”  on  parts  of  the  cage  with  lower  electron  density, rather 

than uniformly spread out as in the case of Gd3N@C80, which is expected to lower the negative 

charge hopping and limit carbonyl formation. 

 

Figure 14. Proposed mechanism for carbonyl formation during the hydroxylation procedure of 

metallofullerenes. 

2.8 Conclusion 
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  In this chapter, the synthesis, characterization and application as MRI contrast agents of 

Gd3N@C80 and Gd3N@C84 metallofullerenols are presented. The relaxivity of Gd3N@C84 is 

significantly higher than the Gd3N@C80 under identical conditions. The ellipsoidal shape and the 

pentalene motif of Gd3N@C84 system could be the main factors that contribute to the difference 

in functionalization, aggregation and relaxivity in comparison with the Gd3N@C80 system. With 

the increasing yield of EMFs, Gd3N@C84 and other pentalene-containing metallofullerenes can 

evolve as excellent candidates for next-generation MRI contrast and theranostic agents. 
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Chapter 3 Magnetic Resonance Imaging Studies of Unfunctionlized 

Gd3N@C80   in Oleic Acid 

3.1 Introduction 

  With the broad application of the MRI techniques, a variety of different contrast agents are 

needed to exploit their potential. As shown in previous chapters, the aqueous phase MRI 

contrasts are undergoing rapid development, and gadolinium based EMFs have been 

functionalized in a variety of ways to provide a sufficient hydrophilic character to the 

metallofullerene surface to enable water solubility for next generation MRI contrast agents.  

  However, there have been limited studies reported devoted to hydrophobic MRI contrast agents. 

While most MRI contrast agents requires water solubility, some hydrophobic MRI probes can be 

delivered in nanocarriers such as liposomes, microemulsions, micelles, and synthetic solid lipid 

nanoparticles,1 which triggers increasing interest for new MRI contrast agents that have surfaces 

with greater hydrophobic and lipophilic character. 

  As efficient and promising future MRI contrast agents, gadolinium based EMFs are naturally 

soluble in many organic solvents, such as dichlorobenzene, toluene, carbon disulfide and they 

have decent solubility in oleic acid and its esters. Therefore, they have the potential to be used as 

MRI contrast agents even without functionalization. In addition, fullerene cages are somewhat 

beneficial to human health. For example, C60 is added to many skin care products for its radical 

scavenging ability.2 Moreover, a recent study suggested that oral administration of C60 in olive 

oil solution (0.8 mg/mL) almost doubled the lifespan of rats compared to the control group.3 

Although the mechanism for rat life-span increase remains unclear, this study provides the 

impetus to study the relaxivity and biological effects of the unfunctionalized Gd EMFs. In this 
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chapter, I present a preliminary study of Gd3N@C80 in oleic acid, whose ester is one of the major 

components in olive oil, as a potential MRI contrast agent. 

3.2 Experimental section 

 A Gd3N@C80 sample was purchased from LUNA Nanoworks and used without purification. To 

make a solution, 1.8 mg of Gd3N@C80 was dissolved in 20 mL of oleic acid and the mixture was 

sonicated for 1 hour to afford a stable solution that remained clear without precipitates in 14 days. 

The concentration of the parent solution was 0.090 mg/mL, or 0.062 mM. A series of the oleic 

acid solutions were made from the parent solution. In similar fashion, oleic acid solutions of C60 

were prepared as controls. NMR relaxation measurements were performed on Bruker Minispec 

mq20 (0.47 T) and mq60 (1.41 T) analyzers in 5 mm NMR tubes. The spin-lattice relaxation 

time T1 was measured by the inversion-recovery method. The spin-spin relaxation time T2 was 

measured using an incremented echo-train CPMG pulse sequence. 

3.3 Relaxivity values 

  As noted in previous chapter, relaxivity is defined by the equation: 

1
!!,!!!!"#

= 1
!!,!!!!"

+ 1
!!,!!!!"#"

= 1
!!,!!!!"

+ !! ! !!! = 1, 2 

where T1 and T2 are longitudinal and transverse relaxation time, respectively. The relaxation rate 

(reciprocal of relaxation time) is determined by both diamagnetic (oleic acid) and paramagnetic 

(contrast agent) species, and the ratio of paramagnetic relaxation rate to the concentration is the 

relaxivity of the paramagnetic compound, which can be experimentally obtained by the slope of 

(1/Ti) vs. concentration of the paramagnetic contrast agents.  
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  The relaxation time vs. concentration plots are displayed in Figures 1 and Figure 2, for 20 MHz 

(0.47 T) and 60 MHz (1.4 T) respectively. For oleic acid, the protons are non-equivalent; 

therefore, each relaxation time obtained represents an average of different protons. The relaxivity 

results obtained from the plots are displayed in Table 1.  

 

Figure 1. T1 (a) and T2 (b) measurements of Gd3N@C80 in oleic acid on a 20 MHz (0.47 T) 

instrument. 
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Figure 2. T1 (a) and T2 (b) measurements of Gd3N@C80 in oleic acid on a 60 MHz (1.4 T) 

instrument. 

Table 1. Relaxivity values of oleic solution of Gd3N@C80. 

0.47 T 1.4 T 

r1 

(mM-1S-1) 

 

r2 

(mM-1S-1) 

 

r2/r1 

 

r1 

(mM-1S-1) 

 

r2 

(mM-1S-1) 

 

r2/r1 

15 15 1.0 11 16 1.5 
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  Also, the oleic acid solutions of C60 were prepared as a control by adding 1.3 mg of C60 to 20 

ml of oleic acid, followed by subsequent dilutions, and the relaxation times of these solutions 

were obtained on the 20 MHz (0.47 T) instrument, as shown in Figure 3. From the data it can be 

concluded that empty C60 fullerene cage did not decrease the relaxation times of the solution, and 

there was no linear relationship between the relaxation rate and the concentration of fullerene. A 

former linear trendline was obtained based on current data. The very low R2 values and negative 

slopes suggested that the relaxivity was caused by Gd3+ encapsulated inside the fullerene cage 

instead of the cage itself. 

 

Figure 3. T1 (a) and T2 (b) measurements of C60 in oleic acid on a 20 MHz (0.47 T) instrument. 

3.4 In vitro MRI study of Gd3N@C80 in oleic acid 
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  Since the Gd3N@C80 in oleic acid samples were found to exhibit relaxivity, a visual test of the 

unfunctionalized metallofullerene in oleic acid as hydrophobic MR contrast agents was 

performed in comparison with pure oleic acid on a Siemens 3 T clinical MRI instrument (Fig. 4). 

The images were obtained in the Stephen LaConte laboratory at VTCRI. Gd3N@C80 in oleic acid 

was prepared in three different dilution concentrations. Along with pure oleic acid, the solutions 

were scanned under inversion recovery sequence with inversion time changing from 23 ms to 

1000 ms. Images obtained at inversion time 23 ms and 100 ms are presented in Figure 4. In 

Figure 4c and 4g, the oleic acid solution of Gd3N@C80 in the highest concentration (0.062 mM) 

was not as bright as the ones in lower concentration at both inversion times (23 and 1000 ms). It 

was found afterwards that solids had precipitated out of the solution during the experiment. In 

this case, 4c and 4g were not informative in the study of contrast ability of Gd3N@C80 in oleic 

acid samples and were therefore excluded from the following discussion. Distinguishable signal 

differences were observed at both inversion times between Gd3N@C80 in oleic acid of different 

concentrations. (0.0052 mM and 0.021 mM, Fig. 4a,b,e,f) The solution in higher concentration 

appeared to be brighter. Such trend also showed up at other inversion time (images not showing 

here), indicating the contrast function of Gd3N@C80 was proportional to the concentration of the 

metallofullerene, which is consistent with the observations on hydrophilic metallofullerene based 

MRI contrast agents. However, comparisons between Gd3N@C80 in oleic acid and pure oleic 

acid were different than expected. The pure oleic acid sample turned out to be the brightest 

among all at both inversion time, though very close to the 0.021 mM Gd3N@C80 sample. (Fig. 

4b vs 4d, Fig. 4f vs 4h) One possible explanation is that dissolve paramagnetic oxygen is an 

interference contaminate at these low concentrations. As a common paramagnetic substance, 

oxygen dissolving in oleic acid would clearly affect the MRI behavior of the samples. A 
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degasing step before future MR imaging on Gd3N@C80 in oleic acid could resolve this 

interference question. 

 

Figure 4. T1-weighted MR imaging at 3 T with Gd3N@C80 in oleic acid under inversion recovery 

sequence. Top line, inversion time = 23 ms, from left to right: (a) 0.0052 mM Gd3N@C80 in 

oleic acid, (b) 0.021 mM Gd3N@C80 in oleic acid, (c) 0.062 mM Gd3N@C80 in oleic acid, (d) 

pure oleic acid. Bottom line, inversion time = 100 ms, from left to right: (e) 0.0052 mM 

Gd3N@C80 in oleic acid, (f) 0.021 mM Gd3N@C80 in oleic acid, (g) 0.062 mM Gd3N@C80 in 

oleic acid, (h) pure oleic acid. *Data points (c) and (g) are not informative due to solids 

precipitating out during the experiment. 

3.5 Discussion  

  The relaxivity of Gd3N@C80 oleic acid solutions has been obtained. At both 0.47 T and 1.4 T, 

Gd3N@C80 solutions showed moderate but promising relaxivity values, namely, r1=10-15 mM-

1S-1, r2=~15 mM-1S-1, which are comparable to current commercial contrast agents even only 

considering   “per   Gd”   relaxivity   (one   third   of   the   relaxivity   for   TNT   EMF   molecules).   This  

suggests that gadolinium-based TNT EMFs are potentially usable MRI contrast agents even 
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without functionalization. The control experiment on C60 proved that the relaxation is due to the 

endohedral gadolinium ions, not the fullerene cage. 

  However, it is notable that the preliminary relaxivity study has some limitations. First, the 

relaxation times and relaxivity values only show an average of different protons in oleic acid, 

which consist of mainly similar, but still non-equivalent aliphatic protons, plus vinyl and 

carboxyl protons. This means the relaxivity is not necessarily always consistent with the real 

MRI signal intensities in oleic acid media. Also, the experimental uncertainty was increased, as 

can be seen that the linear relationship for the plots (Figures 1, 2) are not as good (r2=0.94-0.95) 

compared to those for the water-soluble derivatives (r2>0.99). In addition, the 20 MHz result 

showed an r2 about the same as r1, which could be caused by experimental uncertainty as well. 

  The MR imaging results of the oleic acid solutions partially supported the relaxation effect of 

the Gd3N@C80 molecules. Higher concentrations of Gd3N@C80 had led to brighter images. 

However, the brightness of pure oleic acid is contradictory to this conclusion. As discussed 

above, the higher brightness of pure oleic acid sample may be related to dissolved oxygen, but 

other reasons are also possible. Further careful experiments with degassed samples are needed to 

help investigate the oleic acid based system.   
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Chapter 4 Future Work 

  The field of metallofullerenes is growing fast, but for gadolinium based EMFs to 

become mature MRI contrast agents, there are many challenges yet to be overcome. In 

this chapter I propose several possible projects for future work. 

  First, the functionalization toolbox should be expanded. So far, all the reported 

gadolinium EMF derivatives were functionalized as a mixture of multi-functionalized 

EMFs, and their formulas represented an average number of functional groups. This is 

due to the necessity of multiple functional groups to really achieve sufficient water 

solubility and relaxivity. However, for a drug to be approved by FDA, a certain molecule 

with definitively elucidated structure is required in most cases. One challenge in the EMF 

field is how to make well-defined multi-functionalized gadolinium EMFs that have high 

relaxivity, for a better fundamental understanding, experiment reproducibility and easier 

drug approval. 

  Second, an effective targeting methodology has not been established. Multi-step 

functionalization can introduce a variety of biological structures to the EMFs which 

realize effective targeting. Currently there has been some success in introducing IL-13 

peptide onto EMFs, but a deeper understanding about IL-13, as well as other targeting 

agents which may require systemic functionalization approaches, are still needed.  

  Third, the relationship between cage symmetry and relaxivity should be explored further. 

In this thesis I have demonstrated that the non-IPR Gd3N@C84 has higher relaxivity than 

Gd3N@C80. With increasing availability of a variety of gadolinium EMFs, a full 

investigation of the cage symmetry (especially the non-IPR cages) and relaxivity 
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relationship will be helpful to find the ideal cage to host the gadolinium ions for MRI 

purposes. 

  Fourth, the health effect of metallofullerenes has not been established. Fullerene C60 has 

been reported to significantly increase the lifespan of rats when fed together with olive oil, 

and this makes the animal experiments on EMFs are very intriguing. Such experiments 

can start with smaller animals, such as mice, or even smaller, fruit flies. In the 

experimental group, the animals are fed with EMF (e.g. gadolinium EMFs) solutions in 

olive oil or similar compounds, while the control group is only fed the solvent without 

metallofullerenes. The first part should be a longevity experiment which reveals the toxic 

and health effects of unfunctionalized EMFs. The second part should be a biodistribution 

study which can be done by using ICP to measure the metal (e.g. gadolinium) 

concentrations. 

  In all, gadolinium based endohedral metallofullerenes and their derivatives have 

amazing properties that will lead to excellent MRI contrast agents. This is an attractive 

area that worth further exploration. 
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